Abstract: For efficient and profitable crop production, appropriate weed management is essential. Today, herbicides are an integral part of modern farming practice globally, as they assure the convenient method of weed control chemically. Glutathione S-transferases (GSTs, EC.2.5.1.18) are a superfamily of multifunctional enzymes that detoxify endo-and xenobiotic compounds by conjugating glutathione (GSH) to a hydrophobic substrate. Plant GSTs have been a focus of attention because of their roles in herbicide detoxification and environmental safety. In this study, the application of herbicide called tribenuron-methyl to the cultivars of wheat (Triticum aestivum L. cv. Izgi-2001, Triticum aestivum L. cv. Alpu-2001) and barley plants (Hordeum vulgare L. cv. Bilgi-91, Hordeum vulgare L. cv. Kalayci-97) caused an increase in GST activities of both in roots and shoots. Total GSH and protein contents were also determined for all above-mentioned plants. As a conclusion, our results indicate that depending on the herbicide itself, treatment conditions and the origin of the plant, tribenuron-methyl had an effect on the parameters measured in this study, including the GST activities and synthesis of GSH. The maximum increase in enzyme activity was observed in herbicide-treated Triticum aestivum L. cv. Izgi-2001 roots: 192 % of control with a tribenuron-methyl concentration of 1.5 M. However, further investigations are needed to elucidate the presence of specific tribenuron-methyl GST isozymes in this plant.
INTRODUCTION
Weeds are undesirable plants growing within a crop. Crop yields can be significantly reduced up to 40-100 % without weed control. To achieve chemical weed management, herbicides with diverse mode of actions are in use all over the world. Glutathione-S-transferases (GSTs, EC.2.5.1.18) are found in all aerobic organisms, where they catalyze the conjugation of the thiol group of the glutathione (GSH) to diverse electrophilic centers on lipophilic molecules, including herbicides [1] . The conjugation to GSH usually results in the alleviation of toxicity through formation of rather less active end-products. While the resulting glutathione S-conjugates catabolized and excreted in animals [2] , they are tagged and transported from the cytosol into the vacuole via the ATP-binding cassette (ABC) transporters (glutathione pump) for storage excretion in plants [3, 4] .
Plant GSTs were discovered with regard to their role in herbicide detoxification and environmental safety. The identification of an atrazine-GSH conjugate was the first report of herbicide metabolism in plants by GSH conjugation [5] . Subsequent research in many plant species has shown the increase in GST activity and existence of GST isoenzymes in response to treatment of various herbicide classes [6] [7] [8] [9] . Today it was shown that GSTs are able to catalyze the first step in the biodegradation of several major classes of herbicides, including sulfonylureas [10] [11] [12] , triazines (atrazine), chloroacetanilides [13, 14] , thiocarbamate sulfoxides [15] , diphenylethers [16] , and many more. The plant GSTs, in addition to their enzymatic activities, have less well characterized roles in endogenous metabolism, including functioning as GSH-dependent peroxidases counteracting oxidative stress [17] [18] [19] , or GSH-dependent isomerases [20, 21] , and noncatalytically acting as flavonoid-binding proteins [22] , stress signalling proteins [23] , and regulators of apoptosis [24] .
In this study, a herbicide called tribenuron-methyl ({methyl 2-[4-methoxy-6-methyl-1,3,5-triazin-2-yl(methyl)carbamoylsulfamoyl]benzoate}, commercially available as Granstar) was used (Fig. 1) . It belongs to triazinylsulfonylurea herbicides and a derivative of tribenuron. It has excellent crop selectivity and a broad spectrum for control of broadleaf weeds and clovers in wheat and barley. Table 1 lists the weeds that are controlled by tribenuron-methyl treatment in wheat and barley [25] . After application, tribenuron-methyl enters into the weeds through their green leaves and roots, blocks the cell division, and avoids the growth of weeds [25] . In the literature, there are few reports about the efficacy of tribenuron-methyl to control weeds in crops by comparing to other broadleaved herbicides [26] [27] [28] . However, the studies on the enzymatic detoxification of this herbicide are limited. 
MATERIALS AND METHODS

Chemicals
Tribenuron-methyl {methyl 2-[4-methoxy-6-methyl-1,3,5-triazin-2-yl(methyl)carbamoylsulfamoyl]benzoate} was purchased from Dupont, USA.
1-chloro-2,4-dinitrobenzene (CDNB), reduced GSH, PVP-K30, ethylenediaminetetraacetic acid (EDTA), hydroxymethyl aminomethane (Tris), Igepal CA-630, methanol, bovine serum albumin (BSA), ethanol absolute (99.8 %), Folin-Ciaceltau phenol reagent, cupper sulfate (CuSO 4 ؒ5H 2 O), potassium sodium tartrate, sodium hydroxide, dipotassium hydrogen phosphate, potassium dihydrogen phosphate, sodium carbonate, 2-mercaptoethanol, pepstatin A, hydrochloric acid and 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) and 1,4-dithioerythritol (DTE) were purchased from Sigma (St. Louis, MO). All other chemicals were analytical grade and were obtained from commercial sources at the highest purity available.
Plant materials
The plants selected for this study belong to wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) species. The cultivars used were Triticum aestivum L. cv. Izgi-2001, Triticum aestivum L. cv. Alpu-2001, Hordeum vulgare L. cv. Bilgi-91 and Hordeum vulgare L. cv. Kalayci-97, as they are commonly planted in the area of Central Anatolia. Selected plant seeds were washed and immersed in tap water for 2 h, then in distilled water for a further 2 h. The seeds were then planted in 10-cm-deep plastic vials containing soil. While the control groups (group 1) were watered only with distilled water, groups 2-5 were treated with 0.5, 1.0, 1.5, and 2.0 M concentrations of tribenuron-methyl, respectively. All groups were then watered only with distilled water for 12 days following planting. To create a closed system, the trays were covered with cellophane bags and the planted seeds were kept in growth chambers at 25 °C. After 12 days, the plants were harvested. In order to determine GST activity, total thiol group and protein contents from different tissues, the shoots and roots were separated. The seeds used in these experiments were obtained from Anatolia Agricultural Research Institute (ATAEM), Eskisehir, Turkey.
GSH determination
Fresh roots and shoots of the 12-day-old seedlings were washed and homogenized, in a ratio of 1:4 w/v, with 5 % w/v TCA by using UltraTurrax at 13 500 rpm for 90 s. The homogenate was centrifuged at 4 °C, 12 000 rpm for 15 min and the pH of the supernatant was adjusted to 4.0-5.0 with 1 M NaOH. The content of GSH in crude extract was determined using the Ellmann (DTNB) procedure [29, 30] , in which DTNB is reduced by SH groups to form 1 mol of 2-nitro-5-mercaptobenzoic acid per mol of SH. The nitromercaptobenzoic acid anion has an intense yellow color that can be used to quantify SH groups by measurement at its maximum absorbance at 412 nm [31] .
The reaction mixture comprised the sample (0.1 ml), 100 mM pH 8.4 Tris HCl buffer (2 ml) and Ellmann reagent (0.1 ml; 60 mg/100 ml Tris-HCl buffer 0.1 M, pH 7.0). The absorbance of the reaction mixture was read at 412 nm. The GSH concentration in the samples was calculated from the standard curve using 2.1-21 μg/ml of GSH. Data are expressed as μg/g fresh weight of tissues. All results were of at least three replicates.
Preparation of cytosolic extracts from fresh plant material
The shoot and root tissues from all groups (group 1: control and groups 2-5: herbicide treated) were rinsed with distilled water. Fresh plant material (2.5 g of shoots or roots) was first pulverized in liquid N 2 in precooled porcelain mortars, then extracted, in a ratio of 1:3 w/v, with 100 mM pH 7.0 phosphate buffer, including 0.05 mM DTE, 1 mM EDTA and 3.5 % (w/v) PVPP at 4°C. The mixture was then homogenized for 4 × 30 s. periods by Ultra-Turrax T25 at 13 500 rpm on ice. The crude homogenate was centrifuged at 15 000 rpm for 30 min. at 4°C. The pellet was discarded, and the supernatant fraction was passed through a layer of filter paper. Usually, this filtrate (referred to as cytosol) was immediately subjected to enzyme activity measurement without further storage. Otherwise, the cytosol was stored at -80 °C as aliquots (1 ml), for later protein assays.
Determination of cytosolic GST activities toward CDNB GST activities against the substrate CDNB were determined spectrophotometrically by monitoring the formation of the conjugation product at 340 nm according to the method of Habig et al. [32] as modified previously [33] . The wheat and barley cytosolic fractions were used as the enzyme source. All enzyme activity measurements were carried out at 25°C using a spectrophotometer equipped with thermoregulated cell holder.
A typical reaction mixture included 100 mM phosphate buffer, pH 6.5, 1 mM CDNB, 1 mM GSH, and 20 μg wheat or barley cytosolic protein in a final volume of 1 ml.
The activity measurements were performed using T80 PG Instruments double-beam spectrophotometer at 340 nm. The reactions were followed for 3 min, which is in the linear period of the reaction. The reactions were started by the addition of cytosol. Incubation mixtures without the enzyme source were used as blanks (nonenzymatic reactions), and concentrations of the formed conjugation products were determined from the slopes of initial reaction rates. The reaction rate was calculated using the ε values of CDNB as 0.0096 μM -1 cm -1 [34] . The GST activities were expressed as unit/mg protein. One E. OZTETIK unit of enzyme activity is defined as the amount of enzyme that forms one nmole of product per minute under defined assay conditions. Protein contents were determined by the method of Lowry et al. [35] using BSA as a protein standard.
Data presented are the averages of at least three independent experiments, each of them in three replications.
RESULTS AND DISCUSSION
The results are summarized in Figs. 2-4 . The data in Fig. 2 show that tribenuron-methyl treatment influenced the GST activities in all plants. The shoots and roots of the four plants exhibited different levels of enzyme activity upon exposure to various herbicide concentrations. However, the highest GST activity was observed in the roots, especially for the 1. Tribenuron-methyl impact on GST activities 293 In Fig. 3 , the results of individual treatments of the different concentrations of herbicide on the GSH content of Izgi-2001, Alpu-2001, Kalayci-97, and Bilgi-91 roots and shoots are shown. Results similar to those for GST activities were observed. In general, as a fold increases, the roots of the plants have better GSH levels, differing in range according to the concentrations of herbicide treatment and the plant itself. As seen in Fig 3, the GSH levels in all plant roots were increased with both 1.0 and 1.5 M tribenuron-methyl treatment (Kalayci-97, 205 % with both; Bilgi-91, 180 and 175 %; Alpu-2001, 173 and 150 %, Izgi-2001, 145 and 129 % of control, respectively). In the case of plant shoots, even Kalayci-97 shoots had lower GSH levels then their own roots, they were still having highest GSH levels with 0.5 and 2.0 M herbicide treatment (154 and 173 % of control, respectively) by comparing to the other plant shoots (the third highest GSH levels in shoots was observed as Izgi-2001, 122 % of control). When the data is expressed on the basis of μg GSH g -1 fresh weight, the GSH levels were highest in the shoots and lowest in the roots. In the literaure, the increase in enzyme activity was also reported for different plants with various herbicide induction [36, 37] . Even the reason of that mechanism is still not very well known, by considering Figs. 2 and 3 together, it is possible to suggest that the reason could be either by a direct activation of existent GST isoenzyme(s) or possibly by the induction of newly produced isoenzyme(s), due to herbicide treatment, at the protein level. cide showed a decrease in protein concentration (75 % of control). In contrast, Bilgi-91 shoots induced with herbicide had the highest protein content (900 % of control). However, as previously noted, there is no activity in Bilgi-91 shoots, therefore, these results are not direct evidence for the control of GST activity level. The induction of selected plants with this herbicide may cause differentiation in the other GSH-related enzyme levels, which are also recruited in the detoxification system, like glutathione peroxidases (GPOXs). It should also be noted that, since it is used for the demonstration of multiple forms of GSTs in all biological organisms from animals to plants, CDNB is known as the universal substrate for nearly all GSTs. But, it can by no means be regarded as proof of the presence of that specific class of GSTs. However, the absence of any detectable CDNB activity does not provide proof of the absence of GSTs, as some GST isoenzymes have very little activity toward CDNB, but very high activity toward other substrates [38] . It is also known from the literature that GSTs show both specific and overlapping substrate preferences [39, 40] . The model GST substrates that display selectivity for particular subunits are often used in a "diagnostic" sense to identify isoenzymes. For example, 1,2-dichloro-4-nitrobenzene (DCNB) is selective for M class GSTs and used as a selective marker for this class. The reason behind this selectivity is probably because of the transcription of distinct types of GST genes which are differentially regulated and encode the enzyme subunits that show different substrate specifities. Further research may be designed with other substrates and herbicides to determine GST activity response of these plants. However, in agreement with previous literature [41, 42] , the outcomes of this study support the idea that herbicides stimulate the GST activities in various ranges depending on the origin of the plant, the herbicide, and its treatment conditions. Tribenuron-methyl impact on GST activities 295 When all the plants were analyzed, the GSH content was found to be rather high and seemed to be induced by herbicide treatment. In addition to their known role in intracellular detoxification of xenobiotics (including herbicides), GSH may also function in other stress-related conditions, such as scavenging of H 2 O 2 [43, 44] , and phytochelatin synthesis [45] [46] [47] . The presence of high GSH content in our results indicates a general adaptability to stress conditions. However, the GST activity increase in wheat varieties (Alpu-2001 and Izgi-2001) were found to be higher than that of the barley varieties (Kalayci-97 and Bilgi-91). Even though all organisms belong to monocotyledonous species, probably the translocation in barley varieties was faster than in the wheat varieties. Therefore, wheat and barley varieties reflect a difference in the rate of metabolism with regard to tribenuron-methyl.
CONCLUSION
The results in this research illustrate that the induction of selected wheat and barley plants with tribenuron-methyl may intensify the metabolic detoxification of this herbicide through stimulation of the direct synthesis of both GST and GSH. Triticum aestivum L. cv. Izgi-2001 treated with a triazinylsulfonylurea herbicide, tribenuron-methyl, was found to be the most induced by comparing to other varieties. Because plant GSTs have been shown to accumulate in different stress situations, the individual GST isoenzymes might have specific functions that are possibly related to the inducing stress stimulus, like herbicides. Therefore, further studies are needed to elucidate the presence of specific tribenuron-methyl GST isozymes in this plant and the ability of tribenuron-methyl to enhance selectively the activity of such GST isozyme(s) should be pointed.
However, the result of this small-scale study would probably be a good starting point for the determination of optimum herbicide rates for large-scale applications on the agricultural lands. Those appropriate and reduced herbicide rates will still protect the crops, but will reduce the payment for herbicides in use. Besides this mentioned economical potential, the outcomes of this study can be used to construct the parameters for the production of herbicide-resistant wheat and barley varieties through transgenic studies. Therefore, not only the economical benefits, but complemented systematic studies about this issue bring more understanding to related topics in the literature.
